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esponsibility of ChinAbstract Poly(3,4-propylenedioxythiophene)/nano-Zinic Oxide (PProDOT/ZnO) composites with the
content of 3–7 wt% nano-ZnO were synthesized by the solid-state method with FeCl3 as oxidant. The
structure and morphology of the composites were characterized by Fourier transform infrared (FTIR)
spectroscopy, ultraviolet–visible (UV–vis) absorption spectroscopy, X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The electrochemical performances of the composites were
investigated by galvanostatic charge–discharge, cyclic voltammetry and electrochemical impedance
spectroscopy (EIS). The photocatalytic activities of the composites were investigated by the degradation
of methylene blue (MB) dyes in aqueous medium under UV light irradiation. The results from FTIR and
UV–vis spectra showed that the PProDOT/ZnO composites were successfully synthesized by solid-state
method, and nano-ZnO had great inﬂuences on the conjugation length and oxidation degree of the
polymers. Furthermore, the PProDOT/5 wt%ZnO had the highest conjugation and oxidation degree
among the composites. The results of XRD analysis indicated that there were some FeC14
 ions as doping
agent in the PProDOT matrix, and the content of ZnO had no effect on diffraction pattern of PProDOT.
Morphological studies revealed that the pure PProDOT and composites had similar morphologicalearch Society. Production and hosting by Elsevier B.V. All rights reserved.
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electrochemical tests showed that the PProDOT/5 wt%ZnO had a higher electrochemical activity with a
speciﬁc capacitance value of 220 F g1 than others. The results from photocatalytic activities of the
composites indicated that the PProDOT/5 wt%ZnO had better photocatalytic activity than other
composites.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Over past few decades, most of the studies of conducting polymers
that include polyaniline [1], polypyrrole [2], and polythiophene [3]
have been investigated [4]. 3,4-alky-lenedioxythiophenes have
been studied extensively due to their good environmental stability,
thermal and chemical stability, high conductivity, high transpar-
ency and low oxidation potential and used in broad applications
such as batteries, super capacitors, sensors, electronic devices, and
corrosion protection in organic coatings [5,6]. The 3,4-Propylene-
dioxythiophene (ProDOT), as a derivative of the 3,4-ethylene-
dioxy-thiophene (EDOT), shares attractive properties such as high
electron-richness and excellent co-planarity of their oligomers [7],
and it can be electrochemically and chemically polymerized to
form stable electroactive polymers [8–10]. The idea of solid-state
polymerization of a suitable monomer in a well-ordered crystalline
state was realized in the 1960 with polydiacetylenes [11]. Now,
it is widely used for synthesizing the polyaniline type conducting
polymers [12–16]. The solid-state reaction has many advantages,
such as, reduced pollution, low costs, and simplicity in process and
handling. In recent years, there are a few reports regarding the
solid-state synthesis of polythiophene [17–19], and all these
reports were of solid-state synthesis of polythiophene generating
from 2,5-dibromothiophene derivatives as monomer. However, up
to now, there was no report regarding the application of the solid-
state polymerization method to synthesize the PProDOT.
In recent years, the conducting polymer/inorganic hybrid materials
have been extensively investigated to obtain new kind of composite
materials with synergetic or complementary behaviors, and be used in
electronic or nanoelectronic devices [20–22]. Among the inorganic
materials incorporated into conducting polymers, ZnO is preferred in
the preparation of hybrid materials due to its low cost, non-toxicity,
good stability, high electron mobility and its extensive applications,
such as photocatalyst [23,24]. Moreover, the electron–hole pairs can
be generated when the ZnO is excited by the photons of higher than
the band gap. Therefore, the electron–hole pairs can in turn react with
hydroxyl ion in the reaction system to produce reactive radicals of
dO2
 and HOd, these radicals regarding as extremely strong oxidants
[25]. Furthermore, the nano-ZnO has an ideal band gap and exciton
dissociation energy, and these advantages make it favorable for
speciﬁc functional devices [26]. Several promising results have been
reported on incorporation of nano-ZnO in polymer hybrid solar cell,
transparent thin ﬁlm transistors and LEDs [27–31]. However, ZnO is
an amphoteric oxide, and it can react with acid or base to form a
water soluble salt [32]. For this reason, to successfully incorporated
nano-ZnO into polymer matrix, nano-ZnO often requires surface
modiﬁcation. Generally, the surface modiﬁcation can be realized with
the low molecular surfactant, or covered with a silica layer, followed
by modiﬁcation with silanes [33,34].
In this study, we developed a solid-state method to synthesize
PProDOT/ZnO composites. The content of nano-ZnO was variedfrom 3–7 wt% for systematically studying the effect of ZnO on the
physicochemical properties of the PProDOT/ZnO composites. The
structural and morphological properties of the composites were
investigated by FTIR, UV–vis, X-ray diffraction and TEM. The
potential application of solid-state synthesized PProDOT/ZnO
composites as the electrode materials for supercapacitor were
systematically evaluated by cyclic-voltammetry(CV), galvanostatic
charge–discharge and electrochemical impedance spectroscopy
(EIS) measurements. Furthermore, the comparative photocatalyti-
cal activity of the pure PProDOT, nano-ZnO and PProDOT/ZnO
composites was investigated under UV light irradiation for the
degradation of MB.2. Experimental
2.1. Materials
3,4-Propylenedioxythiophene (ProDOT) was obtained from Aldrich,
and used as received. ZnO (with an average diameter of 50 nm) and
Silane Coupling Agent KH-540 (γ-Aminopropyltrimethoxysilane)
were provided by Shanghai Aladdin Reagent Company, and other
chemicals were used as received without further puriﬁcation.
2.2. Surface modiﬁcation of nano-ZnO
According to the literature [24], the nano-ZnO was ﬁrst exposed to
ambient atmosphere for 24 h to generate high-density Zn–OH
groups on its surface, followed by drying at 120 1C for 2 h. Then,
it was immersed in a solution of Silane Coupling Agent KH-540
(γ-Aminopropyltrimethoxysilane) in ethanol (1 g in 100 mL of
ethanol) under stirring at 80 1C for 10 h, and then washed with
ethanol in ultrasonic bath. Finally, the solution was ﬁltered and
dried for further use.
2.3. Synthesis of the PProDOT/ZnO composites
A typical solid-state synthesis procedure was as followed:
a mixture of 0.3 g 3,4-propylenedioxythiophene (ProDOT) and
15 mg ZnO (5 wt% per monomer) in 3 mL chloroform were
ultrasonicated for 30 min to facilitate monomer to adsorb on the
surface of ZnO. After ultrasonication, they were placed in a
vacuum oven at room temperature to evaporate the chloroform,
and then the residue was transfered to the mortar, and 1.25 g
anhydrous FeCl3 was added. After grinding the reactants for about
1 h, the mixture became black green. The greenish black powder
was washed with chloroform and ethanol, until the ﬁltrate was
colorless. Then, the powder was dried under vacuum at 60 1C for
48 h. And this sample was denoted as PProDOT/5 wt%ZnO;
PProDOT/3 wt%ZnO, PProDOT/7 wt%ZnO were synthesized just
by changing the amount of ZnO 3 wt% and 7 wt%, respectively.
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The FTIR spectra of the samples were measured on a
BRUKERQEUINOX-55 Fourier transform infrared spectrometer
(Billerica, MA) at a resolution of 4 cm1 using the KBr technique.
UV–vis spectra of the samples were recorded on a UV–visible
spectrophotometer (UV4802, Unico, USA). XRD patterns were
obtained by using a Bruker AXS D8 diffractometer and the scan
range (2θ) was 51–801, with monochromatic Cu-Ka radiation source
(λ¼0.15418 nm). Transmission electron microscopy (TEM) experi-
ments were performed on a Hitachi 2600 electron microscope. The
samples for TEM measurements were prepared by placing a few
drops of products ethanol suspension on copper supports.
2.5. Electrochemical tests
The working electrodes were prepared by mixing 85 wt% active
materials (3 mg), 10 wt% carbon black and 5 wt% polytetraﬂuor-
oethylene (PTFE) to form slurry. The slurry was pressed on a
graphite current collector with the area of 1 cm2, and dried under
vacuum at 60 1C for 24 h. All electrochemical experiments were
carried out using a three-electrode system, in which the sample
was used as the working electrodes, platinum as the counter
electrode, saturated calomel electrode (SCE) as reference elec-
trode, and 1 M H2SO4 was used as electrolyte. Cyclic voltammetry
(CV) and Galvanostatic charge–discharge test measurements were
performed on CHI660C electrochemical working station with the
potential window ranging from 0.2 V to 0.8 V. EIS was
recorded by using Zennium40084 under the condition: AC voltage
amplitude 5 mV, frequency range 105–102 Hz, and open circuit
potential.3. Results and discussion
3.1. FTIR spectroscopy
Fig. 1 gives the FTIR spectra of PProDOT and PProDOT/ZnO
composites. It is clear from Fig. 1 that the polymer and composites
showed similar vibration bands. The bands at 1494 and 1320
cm1 are assigned to asymmetric stretching mode of C¼C and
inter-ring stretching mode of C–C, respectively. The bands atFig. 1 FTIR spectra of PProDOT and PProDOT/ZnO composites
prepared with different wt% of ZnO.1173 and 1048 cm1 are associated with the C–O–C bending
vibration in propylene oxide group [35,36]. The vibration bands at
844 and 657 cm1 are assigned to vibrations of the C–S–C
bond stretching in thiophene ring [24,37], while the bands at
773 and 434 cm1 are indicated the formation of polaronic
charges in thiophene [38]. In addition, the vibration band at
1126 cm1 correspond to the C–S stretching vibrations of the
quinone structure originating from the thiophene ring, which
suggests the successful formation of the PProDOT in this reaction
[39]. These results are in good agreement with the FTIR spectra of
PProDOT in previous reports [38,39]. The vibration bands of
PProDOT/5 wt%ZnO at 981 cm1 represent the co-existence of
the charge carriers of polythiophene rings [38]. And the band at
911 cm1 is due to the propylenedioxy ring deformation mode
[40]. According to the previous report [41], the intensity ratio of
the symmetric stretch at 1442 cm1 to the asymmetric stretch at
1492 cm1 (Isym/Iasym) is indicative of the degree of conjuga-
tion in the polymer backbone. And Isym/Iasym values are 0.68
(PProDOT), 0.65(PProDOT/3 wt%ZnO), 0.57(PProDOT/5 wt%
ZnO) and 0.64 (PProDOT/7 wt%ZnO). This suggests that the
PProDOT/5 wt%ZnO composite has a longer conjugation length
[42].3.2. UV–vis spectroscopy
Fig. 2 shows the UV–vis spectra of PProDOT and PProDOT/ZnO
composites. As can be seen from Fig. 2, there are three strong
characteristic peaks for pure PProDOT: the peaks at 425, 455
and 490 nm with the maximum absorption peak at 455 nm.
Generally, the peaks at 425, 455 and 490 nm are assigned
to the π–πn transition of the thiophene ring [43]. Furthermore,
these peaks can be considered as the absorption peaks arising from
conjugated segments having different conjugation lengths [44].
In the case of PProDOT/ZnO composites, the PProDOT/3 wt%
ZnO show broad absorption peak with the maximum absorption
peak at 500 nm, the PProDOT/5 wt%ZnO show two character-
istic peaks located at 460 and 505 nm, and there are also three
characteristic peaks located at 425, 460 and 500 nm for
PProDOT/7 wt%ZnO. Moreover, comparing with the pure PPro-
DOT, the absorption bands corresponding to the conjugated main
chains of the PProDOT/ZnO composites exhibit broad absorption
peaks, and have some degree of red-shifts, which is similar toFig. 2 UV–vis spectra of PProDOT and PProDOT/ZnO composites
prepared with different wt% of ZnO.
Structure and properties of solid-state synthesized poly(3,4-propylenedioxythiophene)/nano-ZnO composite 527Reynolds et al. reported upon stepwise oxidation of the PProDOT-
Bu2 [45]. These shifts occurred in composites show the increase of
conjugated chain length, indicating that the presence of the nano-
ZnO can enhance the conjugation degree of the polymers in the
solid-state polymerization [46]. The broad absorption peaks of the
composites suggest that the polymer chains are partially in doped
state [8,47]. Therefore, it can be concluded that the PProDOT/ZnO
composites have higher oxidation degree than pure PProDOT.
This phenomenon can be understood by the photoelectronic
characteristics of the ZnO. When ZnO is excited by the photons
of higher than the band gap, electron–hole pairs are generated and
in turn react with hydroxyl ion producing vary reactive radicals of
dO2
 and HOd, which are extremely strong oxidants [25]. The
strong oxidants stepwise enhance conjugation length and oxidative
state of polymer chain. It should be noted here that the presence of
the nano-ZnO content in solid-state reaction will cause the
separation of the oxidant from the monomer in some degree,
which, in turn, facilitates the formation of the reduction state of
polymer chain during the oxidative polymerization [48]. This
means that the higher amount of nano-ZnO in solid-state reaction
will decrease oxidation degree of the composite. Therefore, the
red-shift occurred in PProDOT/7 wt%ZnO is the lowest one
among these composites.
3.3. XRD analysis
Fig. 3 shows the XRD patterns of PProDOT and PProDOT/ZnO
composites. The XRD pattern of pure PProDOT shows only a
characteristic peak at 2θ¼24.21, which associates to the inter-
molecular π-πn stacking or assign to (020) reﬂection [45,49].
It can be attributed to the inter chain planar ring-stacking [50].
All the composites rather possess broad peak shape, suggesting small
degree of crystallinity but amorphous structure, which is similar to
other polytiophene derivative [51]. However, the addition of the
nano-ZnO does not vary the crystalline structure of the forming
composites. Compared to the pure ZnO, it can be seen that the XRD
patterns of ZnO is not observed in composites even at a higher
amount of ZnO. This situation is similar to that reported for
polypyrrole/ZnO(20 wt%), in which there is no diffraction peak for
ZnO even at 20 wt% ZnO in polypyrrole matrix [52]. Based on
previous reports, the main reason for one cannot identify the Bragg
reﬂections of the ZnO may be related to the negligible content of
nano-ZnO left in and well embedded of nano-ZnO in polymer matrixFig. 3 XRD patterns of spectra of ZnO, PProDOT and PProDOT/
ZnO composites prepared with different wt% of ZnO.[53–55]. Moreover, aside from the main diffraction peaks, the sharp
diffraction peaks at 2θ¼331,351,491,541 with low intensity which are
present in all composites correspond to the FeC14
 doping agent,
which generally accompanies the as made polythiophene [56].
3.4. TEM studies
Fig. 4 shows the transmission electron micrograph (TEM) of the
nano-ZnO, PProDOT and PProDOT/ZnO composites. The results
from TEM indicate the pure nano-ZnO consists of spherical shaped
particles with an average size of 50 nm (Fig. 4(a)), while all the
composites with different weight ratio of nano-ZnO shows an
irregular sponge like morphology. This means that the nano-ZnO
has no effect on the morphology of the PProDOT. However, a close
look reveals that the morphology of the pure PProDOT displays a
light shaded sponge like morphology, and the PProDOT/ZnO
composites exhibit some dark shaded sponge like morphology. This
dark shade probably results from the ZnO entrapped by polymer
matrix, implying that the nano-ZnO particles are not simply mixed up
with the polymer.
3.5. Electrical conductivity
Cyclic voltammograms (CV) tests were performed to evaluate the
capacitance properties of samples at the scan rate of 50 m V s1 in
1 M H2SO4. The polymer and composites showed almost similar
oxidation and reduction peaks. As seen in Fig. 5, the anodic (Epa)
and cathodic (Epc) peak potentials of pure PProDOT are at 0.036–
0.25 mV, 0.45–0.56 mV and, 0.13–0.07 mV, 0.31–0.44 mV, 0.62–
0.73 mV. Compared with the pure PProDOT, the positive shift in
the ﬁrst redox peak potential and the negative shift in the ﬁrst
oxidation peak of the PProDOT/ZnO composites were observed.
Generally, these shifts in anodic and cathodic peaks potential
correspond to high charge transferring resulting from long con-
jugated length or higher conductivity [57]. The result conﬁrms that
the solid-state polymerized PProDOT/ZnO composites have better
electrochemical activity.
The galvanostatic charge–discharge measurements were also
carried out at potential window between 0.2 and 0.8 V in 1 M
H2SO4. Fig. 6 shows the galvanostatic charge–discharge of
PProDOT and PProDOT/ZnO composites at a current density of
3 mA cm2 in three-electrode system. The speciﬁc capacitance
(SC) calculated by means of SC¼ (IΔt)/(ΔVm) [58], where I
is charge–discharge current, Δt is the discharge time, ΔV is the
electrochemical window (1V), and m is the mass of active
materials within the electrode (3 mg). The speciﬁc capacitance
values of PProDOT and composites calculated from Fig. 6 are
172 F g1 (PProDOT), 193 F g1 (PProDOT/3 wt%ZnO), 220 F
g1 (PProDOT/5 wt%ZnO), and 186 F g1 (PPro-DOT/7 wt%
ZnO), respectively. In comparison to the pure PProDOT, the
composites show a higher SC and the highest SC is 220 F g for
PProDOT/5 wt%ZnO. It should be noticed that the average
speciﬁc capacitance (190 F g1) of all the composites at the
current density of 3 mA cmm is higher than previously reported
poly(3,4-ethylene-dioxythiophene) [59,60] and polypyrrole
[61,62]. This enhanced SC of PPro-DOT electrode can be
attributed as the sponge like morphology of polymer that offers
a higher speciﬁc surface area which is convenient for dopant ions
accessing into the polymer matrix and inducing higher charge to
keep stable. Furthermore, the SC (220 F g1) of PProDOT/5 wt%
ZnO at current density of 3 mA cmm is closer to the previous
Fig. 4 TEM images of the spectra of ZnO, PProDOT and PProDOT/ZnO composites prepared with different wt% of ZnO; (a) ZnO,
(b) PProDOT, (c) PProDOT/3 wt%ZnO, (d) PProDOT/5 wt%ZnO and (e) PProDOT/7 wt%ZnO.
Fig. 5 Cyclic voltammograms of PProDOT and PProDOT/ZnO
composites prepared with different wt% of ZnO in 1 M H2SO4.
Fig. 6 Galvanostatic charge–discharge curves of PProDOT and
PProDOT/ZnO composites prepared with different wt% of ZnO at
3 mA cm2, mass of 3 mg, three-electrode system, and electrolyte of
1 M H2SO4.
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composite electrodes has the value of 225 F g1 [63]. This
enhancement of SC about the PProDOT/ZnO composites can be
understood by the positive effect of the nano-ZnO during the solid-
state polymerization, such as high electron mobility. Moreover, it is
concluded from the FTIR spectra and UV–vis absorption spectra
that the composites with the presence of ZnO varying from 3 wt%
to 7 wt% have higher conjugation degree and doping level than pure
PProDOT, which in turn enhances the electro chemical activities of
the composite electrodes. PProDOT/5 wt%ZnO has the highest SC
among the composites, which may be related to the higher
conjugation degree of polymer chain.Electrochemical impedance spectroscopy (EIS) was used to
study the resistance limitation of electrically conducting polymers.
The EIS data were analyzed using Nyquist plots, which show the
frequency response of the supercapacitors assembly and the
imaginary part (Z′′) of the impedance against the real part (Z′).
Nyquist plots of PProDOT and PProDOT/ZnO composites at
5 mV over the frequency range of 0.01 Hz–100 KHz are given in
Fig. 7. It can be seen that EIS plots contain two well separated
patterns. Firstly, the high frequency intercept of the semi-circle
with the real axis can be used to evaluate the value of internal
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tion, the intrinsic resistance of the active material, and the contact
resistance at the interface active material/current collector. The
values of internal resistance obtained from Fig. 7 are 0.32 Ω
(PProDOT), 0.44 Ω (PProDOT /3 wt%ZnO), 0.45 Ω (PProDOT/
5 wt%ZnO), and 0.38 Ω (PProDOT/7 wt%ZnO). The radius of the
semicircular represents the charge transfer resistance. Therefore,
the charge transfer resistance obtained from Fig. 7 are 0.42 Ω
(PProDOT), 0.31 Ω (PProDOT/3 wt%ZnO), 0.29 Ω (PProDOT/
5 wt%ZnO), 0.32 Ω (PProDOT/ 7 wt%ZnO). The small semicircle
might be due to diffusion effect of the electrolyte in the electrodes
[64]. Secondly, at low frequencies, the vertical line indicates theFig. 7 EIS curves of PProDOT and PProDOT/ZnO composites
prepared with different wt% of ZnO at open-circuit potential, 0.5 V
with amplitude of 5 mV over the frequency range of 0.01 Hz–
100 KHz.
Fig. 8 UV–vis absorption spectra of MB dyes by PProDOT/ZnO com
PProDOT/3 wt%ZnO, (b) PProDOT/5 wt%ZnO, (c) PProDOT/7 wt%ZnO
MB dyes.pure capacitive behavior, the more vertical curve suggests the
better capacitive behavior of supercapacitor [65]. It can be clearly
seen that the inclined line with a slope is more close to 901 for the
PProDOT/5 wt%ZnO, which was a characteristic feature of pure
capacitive behavior [66]. While the slope is close to 451 for pure
PProDOT, indicating the existence of Warburge resistance result-
ing from the frequency dependence of ion diffusion in the
electrolyte to the electrode interface appearing in the higher
voltage. These results also further illustrate that PProDOT/5 wt%
ZnO can be used as electrode material for supercapacitors.3.6. Photocatalytic activity
The photocatalytic degradation of MB dyes in the presence of the
PProDOT/ZnO composite as catalyst under UV light source
(λ¼365 nm) at different irradiations time was investigated.
According to the previous report [67], we used 0.4 mg/mL catalyst
and 1 100 M MB dye solution for study. As it is shown in
Fig. 8, the decrease of the absorption band intensities of the dyes
indicates that the dyes have been efﬁciently degraded by PPro-
DOT/ZnO composites photocatalyst. When the MB dye solution
was exposed to the UV light for 5 h, the degradation efﬁciencies of
the MB dye are 42% (PProDOT/3 wt%ZnO), 52% (PProDOT/5 wt
%ZnO) and 38% (PProDOT/7 wt%ZnO) photocatalysts. For
comparison, the photocatalytic degradation of MB dyes in the
presence of the nano-ZnO and the pure PProDOT was also
investigated, and the degradation efﬁciency of the MB dye is
31% and 14%, respectively. The results in Fig. 8(d) indicated that
no signiﬁcant changes were observed in absorption spectra of dyes
by the pure PProDOT hotocatalysts. The result showed that the
photocatalytic activity of the pure PProDOT is negligible.
Furthermore, Fig. 8(f) shows the variation in degradationposites for different irradiation times under UV light irradiation (a)
, (d) PProDOT, (e) Nano-ZnO, and (f) degradation efﬁciency of the
A. Ali et al.530efﬁciency versus irradiation time for the MB dyes solutions in the
presence of the ZnO nanoparticles, pure PProDOT and the
PProDOT/ZnO composites hotocatalysts. After these investiga-
tions, it is clear that the PProDOT/5 wt%ZnO is more efﬁcient
under UV light conditions for the degradation of the MB dyes.
The higher conjugation and oxidation degree of the PProDOT/5 wt
%ZnO due to the good electron mobility enhance its photocatalytic
activity. Therefore, the photocatalytic behavior of the PProDOT/
5 wt%ZnO may result from the synergetic effect between PPro-
DOT and ZnO.4. Conclusion
In this paper, the poly(3,4-propylenedioxythiophene)/Zinc Oxide
composites (PProDOT/ZnO) were synthesized by the solid-state
oxidative polymerization method. The results showed that the ZnO
may bring a higher conjugation length and more oxidative state to
the polymer chains during the solid-state polymerization, which
was related to the formation of reactive radicals of dO2
 and HOd.
XRD and morphological analyses indicated that the negligible
content of nano-ZnO left in polymer matrix, and nano-ZnO were
well imbedded in polymer matrix. In addition, the sponge like
morphology of polymers offered a higher speciﬁc capacitance, which
was resulted from higher surface area that was convenient for dopant
ions accessing into the polymer matrix and inducing higher charge to
keep stable. Moreover, the composites also had good photocatalytic
activity on MB dyes under UV light irradiation.Acknowledgments
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